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Summary 

A parametric study has been conducted in the 
Langley 16-Foot Transonic Tunnel on an isolated 
nonaxisymmetric fuselage model that simulates a 
twin-engine fighter. The effects of aft-end closure dis- 
tribution (top/bottom nozzle-flap boattail angle ver- 
sus nozzle-sidewall boattail angle) and afterbody and 
nozzle corner treatment (sharp or radius) were in- 
vestigated. Four different closure distributions with 
three different corner radii were tested. Tests were 
conducted over a range of Mach numbers from 0.40 
to 1.25 and over a range of angles of attack from —3° 
to 9°. Solid plume simulators were used to simulate 
the jet exhaust. 

An analysis of the results of this study indicates 
that for a given closure distribution in the range of 
Mach numbers tested, the sharp corner nozzles gener- 
ally have the highest drag and the 2-in. corner-radius 
nozzles generally have the lowest drag. The effect 
of closure distribution on afterbody drag is highly 
dependent on configuration, plume simulation, and 
Mach number. Except at high subsonic Mach num- 
bers, the nozzles with the top and bottom terminal 
boattail angle (ft.t 0 p/bot) 1^.3° and sidewall termi- 
nal boattail angle (ft iSide ) of 9.7° generally have the 
lowest drag for the plume-on configurations, whereas 
the nozzles with flt y top/bot = A, side = ld .4° generally 
have the lowest drag for the plume-off configurations. 
The nozzles with ft dop /bot = 15.0°/ft,side = 22 - 4 ° 
generally have the highest drag. However, the noz- 
zles with (3 1 , side - °° have the lowest drag in the 
range of Mach numbers (approximately between 0.90 
and 0.95) where the pressure recovery on the surfaces 
of the other nozzles is not sufficient to produce drag- 
reducing positive pressures. Further trade studies are 
necessary to determine which range of Mach numbers 
is most mission critical in order to choose the most 
beneficial closure distribution. All the nozzles had 
lower drag with the solid plume simulators installed 
(simulating a fully expanded jet exhaust) than with 
them removed (simulating a nonoperating jet). 

Introduction 

The mission of the next generation of fighter air- 
craft will dictate a highly versatile and maneuver- 
able vehicle that is capable of operating over a wide 
range of flight conditions. These aircraft require 
variable-geometry nozzles that change the aft-end 
shape, closure (the ratio of nozzle exit area to maxi- 
mum fuselage cross-sectional area), and local boattail 
angle continuously throughout the operating range of 
Mach number, angle of attack, and engine pressure 
ratio. As demonstrated by test results, many stud- 
ies have shown the importance of minimizing adverse 


interference from propulsion exhaust-system integra- 
tion. (See refs. 1 to 3.) In these studies the after- 
bodies of various aircraft, which accounted for only 
a small portion of the total aircraft, produced 38- 
50 percent of the total aircraft drag. These studies 
examined axisymmetric nozzles at cruise operating 
conditions with boattail angles of 15° to 20°. Cur- 
rent interest in nonaxisymmetric nozzles led to the 
study of twin-engine configurations with rectangular 
afterbodies and nozzles that achieved aft-end closure 
with large, variable boattail angles of the upper and 
lower nozzle flaps with the nozzle sidewalls having a 
small or 0° boattail angle (ref. 4). These results indi- 
cated that the best subsonic/transonic performance 
was obtained with nozzles having terminal boattail 
angles between 7.8° and 20°. 

In order to obtain the required aft-end clo- 
sure and maintain the recommended boattail an- 
gles, nozzles with nonzero sidewall boattail angles 
were investigated. The study reported in refer- 
ence 5 examined three nonaxisymmetric nozzles with 
chord boattail angles ((3 C ) of ft d0 p/bot/ft,side = 
11.0°/19.5°, 13.5°/13.5°, 15.0°/7.5°, and it concluded 
that the nozzle with ft^top/bot = ft, side had the 
lowest nozzle drag and generally the least unfavor- 
able tail interference. Since reference 5 considered 
only three nozzles, a more detailed investigation was 
warranted. 

This paper presents the results of a paramet- 
ric study in which aft-end closure distribution (top/ 
bottom nozzle- flap boattail angle (/fttop/bot) versus 
nozzle-sidewall boattail angle (ft, side)) and 
afterbody and nozzle corner treatment (sharp or ra- 
dius) were varied. Four different closure distribu- 
tions (/^top/bot = 17.9°/ ft, side = 0 °>ft,top/bot = 
17 .3°/ /3/ iS ifle — 9.7°, ft,top/bot = ft, side = 1^.4 , and 

ft. top/bot = 15.07ft, side = 22 ' 4 °) with three dif - 

ferent corner radii (sharp, 1 in., and 2 in.) were 
tested. Tests were conducted on an isolated non- 
axisymmetric fuselage model that simulated a twin- 
engine fighter. The model was tested in the Langley 
16- Foot Transonic Tunnel over a range of Mach num- 
bers from 0.40 to 1.25, Reynolds numbers per foot of 
2.25 x 10 6 to 4.20 x 10 6 , and angles of attack from 
—3° to 9°. Solid plume simulators of constant cross 
section were used to simulate fully expanded jet ex- 
haust. 

Symbols and Abbreviations 

A base base area of solid plume simulator 

or nozzle exit (when solid plume is 
removed), in 2 

9 

A e nozzle exit area, m 


A max 

model fuselage maximum cross- 

Poo 


sectional area, in 2 

Qoo 

A S cal 

cross-sectional area enclosed by seal 
strip at M.S. 33.10, in 2 

R 


nozzle throat area, in 2 

w e 

A* 

X 

AR 

nozzle throat aspect ratio. Throat 


width/Throat height 


free-stream static pressure, psi 

free-stream dynamic pressure, psi 

local corner radius, in. 

nozzle exit width (see fig. 3), in. 

distance from nozzle connect station 
(M.S. 41.27) along model longitudinal 
axis, in. 


C A 

corrected axial- force coefficient, 
F a/ <730 A max 

C.4.hal 

axial-force coefficient measured by 
balance, FA/qooA max 

C D 

drag coefficient measured by balance, 
Drag/ <7oc A max 

Coj 

skin-friction drag coefficient on nozzle 

Cd. p 

pressure drag coefficient on nozzle 
with solid plume simulator, computed 
by pressure integration 

(^C Q j )plume 

increment in drag due to plume 
interference 

Cp 

static pressure coefficient, (p — p r3C) ) /q^ 

( '/M'rit 

critical static pressure coefficient 
(sonic flow) 

C 

chord of model support strut 

D f 

sum of skin-friction drag on cen- 
terbody section from M.S. 33.10 to 
M.S. 41.27 and on solid plume, when 
present, lbf 

d. 

equivalent diameter of nozzle exit, in. 

df 

equivalent diameter of model fuselage, 
in. 

Fa 

corrected axial force, positive when 
measured in streamwise direction, lbf 

Fa, bal 

axial force measured by balance, lbf 

K 

nozzle exit height (see fig. 3), in. 


Y local half- width of nozzle, in. 

y lateral distance from model centerline, 

in. 


yR 

Z 

z 


Z R 


a 

Pc 

Pt 

Subscripts: 
plume off 

plume on 
side 

top/bot 

Abbreviations: 


lateral distance of local corner- radius 
center from model centerline, in. 

local half-height of nozzle, in. 

vertical distance from model center- 
line, in. 

vertical distance of local corner-radius 
center from model centerline, in. 

angle of attack, deg 

chord boattail angle, deg 

terminal boattail angle (see fig. 3), deg 


solid plume simulator removed (blank- 
ing plate installed) 

solid plume simulator present 

nozzle sidewall 

top and bottom nozzle flaps 


B.L. buttline, measured laterally from 

model centerline, positive to right 

M.S. model station, measured aft from 

model nose, in. 

W.L. waterline, measured vertically from 

model centerline, positive up 


i 

nozzle length, 9.5 in. 

Mo o 

free-stream Mach number 

P 

local static pressure on nozzle, psi 

Phase 

average static pressure on solid-plume- 
simulator base or nozzle-exit base, psi 

Pcs 

average static pressure at external seal 
at metric break (M.S. 33.10), psi 

Pi 

average internal static pressure, psi 


Apparatus and Methods 

Facility 

This investigation was conducted in the Langley 
16-Foot Transonic Tunnel, which is a continuous- 
flow, single-return, atmospheric wind tunnel with a 
slotted octagonal test section and continuous air ex- 
change. The wind tunnel has a continuously vari- 
able airspeed up to a Mach number of 1.30 with test- 
section plenum suction used for speeds above a Mach 
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number of 1.05. A complete description of the facil- 
ity and operational characteristics can be found in 
reference 6. 

Model Design and Support System 

The model tested, which was an isolated non- 
axisymmetric fuselage that simulated a twin-engine 
fighter, was mounted on a sting-strut support as 
shown in figure 1. This type of support system was 
chosen to minimize the effects of the support system 
on the afterbody flow. The model consisted of four 
parts: the forebody from M.S. 0.00 to M.S. 33.10, 
the centerbody from M.S. 33.10 to M.S. 41.27, the 
nozzle from M.S. 41.27 to M.S. 50.77, and the solid 
plume simulator from M.S. 50.77 to M.S. 62.15. Pho- 
tographs of the model and support system installed 
in the Langley 16-Foot Transonic Tunnel are shown 
in figure 2. 

The parameters selected for study were afterbody 
and nozzle corner radius and nozzle closure distii- 
bution (top/bottom nozzle-flap boattail angle ver- 
sus nozzle-sidewall boattail angle). Model design be- 
gan by specifying the maximum cross-sectional area 
(fuselage centerbody). Typical of twin-engine mod- 
els previously tested (refs. 4 and 5), a 5.00-in-high 
by 10.00-in-widc rectangle was chosen with corner 
radius as the parameter to be varied. Three dif- 
ferent forebody /centerbody combinations were de- 
signed with corner radii of 0.05 in. (sharp), 1 in., 
and 2 in. with a maximum cross-sectional area of 
the fuselage of 49.99 in 2 , 49.12 in 2 , and 46.57 in , 
respectively. For each corner radius, the center- 
body (M.S. 33.10 to M.S. 41.27) had a constant 
cross section. Three forebodies were then designed, 
one to join smoothly with each of the three center- 
bodies. The most aft section of each forebody had 
the same dimensions and corner radius as its corre- 
sponding centerbody and was faired forward by de- 
creasing cross-sectional area and corner radius to a 
sharply pointed conical nose. To minimize strut in- 
terference on the metric portion of the model, fore- 
body length was chosen so that the metric break was 
at least one equivalent fuselage diameter (that is, 
dj — 2 \J A ni ax/ ?r) downstream of the strut trailing 
edge. 

To establish a criterion for the model afterbody 
and nozzle closure (the ratio of nozzle exit area to 
maximum fuselage cross-sectional area), typical cur- 
rent twin-engine fighters (e.g., the F-15 and F-18) 
were examined. These aircraft have a ratio of com- 
bined (dry power) nozzle throat area to maximum 
fuselage cross-sectional area (2A^/A m ax) about 
0.11. For the previously chosen maximum cross- 
sectional area of approximately 50.00 in , this ratio 


gives a nozzle throat area of 2.75 in 2 per engine. A 
nozzle expansion ratio (A e /At) of 1.15 was chosen 
as being typical of a nozzle at transonic flighty thus 
giving a combined nozzle exit area of 6.33 in . All 
nozzles were designed with this exit area except for 
the nozzles with zero sidewall boattail angle, which 
had an exit area of 6.88 in" to allow for an internal 
longitudinal stiffener for structural considerations in 
a nozzle with internal flow. 

Previous studies (e.g., ref. 4, which was also con- 
ducted in the 16-Foot Tunnel at Mach numbers sim- 
ilar to those of the present investigation) indicated 
that to maintain attached flow, the boattail angles 
should not exceed 20°. Nozzle length was chosen to 
be 9.50 in. (measured from the nozzle-to-centerbody 
connect station at M.S. 41.27) so that this maximum 
boattail angle criterion would be met for most of the 
closure distributions. To minimize support system 
interference in the region of interest, the length of 
the centerbody was chosen so that the beginning of 
the nozzle boattail would be greater than two equiva- 
lent fuselage diameters downstream of the strut trail- 
ing edge. This results in an overall model length of 
approximately 60 in., which is typical of 1/12-scale 
twin-engine fighter models tested in the 16-Foot Tun- 
nel. A sketch of the nozzle geometry is shown in 
figure 3. 

With the centerbody and nozzle exit areas de- 
termined, four fuselage closure distributions (top/ 
bottom nozzle-flap boattail angle versus nozzle- 
sidewall boattail angle) shown in figure 4 were se- 
lected: zero sidewall boattail angle (ft, side = 0°) from 
which /3 titop/b ot = 17.9° and AR = 14.49 are derived; 
equal top/bottom nozzle-flap boattail and nozzle- 
sidewall boattail angles (ft top/ hot = ft. side ~ 1^.4 ) 
which gives AR — 5.76; and two additional closure 
distributions where j3 t , t 0 p/bot “ 17.3°, A, side = 9.7 , 
and AR = 9.23 and ft top/bot “ 15. 0° , ft, side = 22.4 , 
and AR = 3.28. A nozzle with each closure distribu- 
tion was then mated to each of the three centerbod- 
ies (sharp, 1-in., and 2-in. corner radii) to complete 
a matrix of 12 nozzles. The most forward section 
of each nozzle had the same dimensions as its corre- 
sponding centerbody. In the case of the 1-in. and 2- 
in. corner-radius nozzles, the corner radius decreased 
along the nozzle length to a value of 0.05 in. (sharp) 
at the nozzle exit. The sharp-corner (0.05 in.) noz- 
zles maintained this corner radius along the entire 
length of the nozzle, and therefore they are described 
completely in figure 3. Cross-sectional coordinates 
of the 1- and 2-in. corner-radius nozzles tested are 
given in table 1. The coordinates x, yfi-> and zr in 
table 1 were measured from the wind tunnel model, 
and the corner radius R was computed from these 
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coordinates. The apparent discontinuity in corner 
radius is an artifact of this calculation and is not ev- 
ident in the model. 

To simulate fully expanded jet exhaust (except 
for the jet entrainment effects) , a solid plume sim- 
ulator having a constant cross section of the same 
dimensions as the nozzle exit was employed. (See 
fig- 2(b).) The solid plume simulator extended down- 
stream four equivalent diameters of the nozzle exit 
(that is, d e = 2 v /h4 e /7r). Solid plumes have been 
verified as reasonable approximations of the fully ex- 
panded exhaust plume of axisymmetric nozzles at an 
angle of attack of 0° (ref. 7). To determine the ef- 
fect of the solid plume simulator on flow over the non- 
axisymmetric nozzles of this investigation, a blanking 
plate was substituted for the solid plume simulator 
at the nozzle exit (plume off) as shown in figure 2(a). 
Because of structural considerations, the configura- 
tions with the solid plume simulator were tested only 
at an angle of attack of 0°. 

Since the aft end is the region of interest, only the 
model aft of M.S. 33.10 was metric (mounted on the 
force balance). A clearance gap (metric break) was 
provided between the nonmetric and metric portions 
of the model at M.S. 33.10 to prevent fouling of the 
components upon each other. A flexible plastic strip 
inserted into circumferentially machined grooves in 
the components on either side of the metric break 
impeded flow into or out of the model cavity. The low 
coefficient of friction of the plastic strip minimized 
restraint between the metric and nonmetric portions 
of the model. 

Instrumentation 

Forces and moments on the metric portion of the 
model (aft of M.S. 33.10) were measured by a six- 
component strain gauge balance that had an accu- 
racy of ±1.25 lb in axial force and ±4 lb in nor- 
mal force. Five static pressures were measured in 
the gap at the metric break (M.S. 33.10) external to 
the plastic seal strip. These pressure orifices were 
spaced about the right side of the model perime- 
ter on the forebody. An additional two pressures 
were measured inside the model cavity at the met- 
ric break. These pressures were measured with indi- 
vidual pressure transducers, each with an accuracy 
of ±0.013 psi. Ten static pressures were measured 
that were spaced on the right side of the solid-plume- 
simulator base. When the solid plume simulator was 
removed, the nozzle exit was sealed by a blanking 
plate, and five static pressure orifices were spaced 
across the width of the nozzle exit to measure the 
exit base pressure. These base pressures were mea- 
sured with electronically scanned pressure modules 


with an accuracy of ±0.075 psi. These pressure mea- 
surements (external seal, internal cavity, and base) 
were then used to correct axial force measured by 
the balance for pressure-area tares as discussed in 
the “Data Reduction” section. 

One hundred and ten static pressure orifices were 
located on the left side of the nozzle in 12 longitu- 
dinal rows as described in figure 5: four rows (42 
orifices) on the upper (or “top”) nozzle flap, three 
rows (28 orifices) on the lower (or “bottom”) nozzle 
flap, and four rows (40 orifices) on the nozzle side- 
wall. Individual orifice locations for each nozzle arc 
given in table 2. All model pressures were measured 
with electronically scanned pressure modules with an 
accuracy of ±0.075 psi, arid the modules were located 
in the (metric) model afterbody. Data obtained dur- 
ing each tunnel run were recorded on magnetic tape 
and were reduced with standard data reduction pro- 
cedures. For each data point, 50 samples of data were 
recorded over a period of 5 sec and were averaged. 

Tests 

This investigation was conducted in the Langley 
16-Foot Transonic Tunnel at Mach numbers from 
0.40 to 1.25, Reynolds numbers per foot, of 2.25 x 10 6 
to 4.20 x 10 6 , and angles of attack from —3° to 9°. 
As recommended in references 8 and 9, all tests 
were conducted with a 0.125-in-wide boundary-layer 
transition strip consisting of No. 120 silicon carbide 
grit sparsely distributed in a thin film of lacquer. 
This strip was located 1.0 in. from the tip of the 
forebody nose. 

Data Reduction 

Corrections. The strain gauge balance, which 
was mounted on the model centerline, measured the 
forces and moments due to the external flow field on 
the portion of the model (external and internal) aft 
of M.S. 33.10. In order to achieve the correct axial 
force, the axial force measured by the balance must 
be corrected for pressure-area tare forces acting on 
the model. The internal pressure at any given set of 
test conditions was uniform throughout the inside 
of the model; thus, no cavity flow was indicated. 
The external and internal pressure tare forces on the 
model were obtained by multiplying the difference 
between the average pressure (external seal, base, 
or internal pressures) and free-stream static pressure 
by the affected projected area normal to the model 
axis. Axial force was computed from the balance 
axial force with the following relationship: 
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Fa — Fa, baJ + (Pes — Poc )(^max — ^scal) 

± {Pi ~~ Poc)-^seaI “ (.Phase — Poo)-^base — Ff (1) 

where the first term (F 4 bal) includes all pressure 
and viscous forces on the model aft of M.S. 33.10. 
The second and third terms account for the forward 
seal rim and the interior pressure forces at the metric 
break, respectively. A negative differential pressure 
acting at the metric break, which is forward of the 
balance center (see fig. 1), causes a thrust tare. The 
fourth term accounts for the pressure forces on the 
base of either the solid plume simulator or the nozzle 
exit when the solid plume simulator is removed. A 
negative differential pressure acting at the plume or 
nozzle base, which is aft of the balance center, causes 
a drag tare. The last term {Dj) is the sum of the 
skin-friction drag on the centerbody section from 
M.S. 33.10 to M.S. 41.27 and on the solid plume 
simulator when present. The skin-friction drag of 
all components was computed using the method of 
Frankl and Voishel (refs. 10 and 11) for compressible 
turbulent flow on a flat plate. The exact calculation 
method is described in detail in reference 11. An 
example (nozzle 10 with solid plume simulator) of 
the relative sizes of each of the terms in equation (1) 
is presented in coefficient form in chart A. Also 
presented in coefficient form is the balance accuracy 
(±1.25 lb). 

The adjusted forces and moments were then 
transferred from the body axis of the metric portion 
of the model to the stability axis. The attitude of 
the metric afterbody relative to gravity was deter- 
mined from a calibrated attitude indicator located in 
the (metric) model centerbody. Angle of attack a, 
which is the angle between the afterbody centerline 
and the relative wind, was determined by applying 
a flow angularity term to the angle measured by the 
attitude indicator. The flow angularity adjustment 
was 0.1°, which is the average angle measured in the 
Langley 16-Foot Transonic Tunnel. 


Calculations. The plume-interference drag in- 
crement was defined as 

( A(7£) ^)pi um e = (C/})plume on P'D) plume off (^) 

where {Co) plume on is the measured nozzle drag for 
a given nozzle with the solid plume simulator on, 
and {Co) plume off the measured nozzle drag for the 
same nozzle with the solid plume simulator off (noz- 
zle exit blanking plate installed). Hence, this inter- 
ference increment represents the interference effects 
of the solid plume simulator on the nozzle. 

Nozzle boattail static pressures were integrated 
to determine nozzle pressure drag Co,p for the noz- 
zles with the solid plume simulator installed. Since 
successful pressure integration is dependent on the 
density of the pressure taps, only the pressures on 
the upper quadrant of the nozzle, which contains 72 
of the 110 orifices, were used for the pressure drag in- 
tegration. This was a reasonable approach since the 
nozzle was symmetric about both the vertical and 
horizontal axes, and all data for these configurations 
(plume on) were obtained at a nominal angle of at- 
tack of 0°. If an individual pressure measurement was 
bad (from a plugged orifice, for instance), a pressure 
from the corresponding location on the bottom of the 
model was substituted where possible. An example 
of the grid used to divide the nozzle area is shown in 
figure 6. The axially and normally projected areas 
and the wetted area of each panel were computed, 
and the panels were then assigned to a pressure ori- 
fice with each panel area multiplied by 4.0 to account 
for the entire nozzle. From an examination of the 
pressure data, which will be presented in the “Dis- 
cussion” section, it was determined that pressures 
changed rapidly along the length of the nozzle boat- 
tail, but they were fairly constant laterally across the 
nozzle flap or sidewall (except near the corners). An 
attempt was made to assign a panel to a given orifice 
based on this knowledge of the pressure distribution. 
(See fig. 6.) 


Chart A 


Moo 

Ca 

Ca, bal 

First term 

Second term 

Third term 

Cdj 

Accuracy 

0.402 

0.0179 

0.0392 

-0.0064 

-0.0182 

-0.0269 

0.0236 

±0.0180 

.900 

.1650 

.1871 

-.0066 

-.0158 

-.0212 

.0209 

±.0055 

1.202 

.2417 

.2847 

-.0085 

-.0198 

-.0051 

.0198 

±.0044 
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Presentation of Results 

The results of this investigation, including re- 
peated conditions, are presented in both tabular and 
plotted form. Table 3(a) presents an index of the 
configurations tested, and table 3(b) presents an in- 
dex to the data presented in tables 4 to 21 and in 
figures 7 to 17. No data are presented for nozzles 1 
and 4 (see table 3(a)), and for some nozzles, only the 
plume-on data or only the plume-off data are pre- 
sented. Data for these configurations, as well as data 
at some Mach numbers for the other configurations, 
were compromised because of instrumentation prob- 
lems encountered during testing. In cases where the 
data from an individual orifice in a key location were 
bad (for example, a plugged orifice), the pressure dis- 
tribution was faired with a dashed line estimating the 
shape of the distribution. 

Discussion 

Basic Data 

Pressures . Static pressure coefficients on the 
nozzle boattail and the effect of the solid plume 
simulator (when available) are shown in figure 7 
at Mach numbers of 0.60, 0.90, and 1.20. Data 
for other Mach numbers may be found in tables 4 
to 21. The external flow over all nozzle surfaces 
having a nonzero boattail angle (which excludes the 
sidew'alls of nozzles 5 and 9) exhibited a strong 
expansion at the beginning of the nozzle boattail. 
This expansion was strong enough to produce a 
region of supersonic flow for > 0.70 or > 
0.80, depending on the boattail angle of the nozzle 
surface. At the lower subsonic Mach numbers, the 
initial expansion was followed by a strong pressure 
recovery as the flow continued downstream. This 
strong pressure recovery was sufficient to produce 
positive pressure coefficients which, when acting on 
the aft-facing nozzle boattail, decreased the drag on 
the nozzle. 

If the initial expansion was strong enough to pro- 
duce supersonic flow and the minimum pressure co- 
efficient in the expansion was much less than C^ cr i t , 
the region of supersonic flow terminated in a stand- 
ing shock. Downstream of the shock, flow separation 
probably occurred as indicated by the suddenly re- 
duced slope or flattening of the pressure recovery. 

The external flow over the sidewalls of nozzles 5 
and 9 (3t^ e = 0°, see figs. 7(g) to 7(i) and 7(r) 
to 7(t), respectively) exhibits a weak expansion and 
pressure recovery at subsonic Mach numbers. The 
expansion is sufficient to produce local supersonic 
flow at Moo > 0.875 (as shown in the data tables). 


At Mqo = 0.60, the downstream pressure recovery 
is generally sufficient to produce positive pressure 
coefficients. The pressure orifices located along the 
top/side corner are in a region where the boattail an- 
gle is transitioning from the top nozzle-flap boattail 
angle to flt&idt' — 0°, and therefore pressures mea- 
sured at this orifice row follow the same trends as 
pressures along a nonzero boattail angle surface. 

The shape of the pressure distributions is consis- 
tent between the top and bottom nozzle flaps. How- 
ever, at Moo = 0.60, the initial expansion is generally 
slightly stronger on the top nozzle flap than on the 
bottom flap although the pressure recovery is gener- 
ally similar. At Moc = 0.90 the situation is reversed 
(a slightly stronger initial expansion on the bottom 
flap than on the top). Since the pressure gradients 
are steep at the beginning of the nozzle boattail, 
the pressure orifices may not be placed at the ex- 
act location of the maximum expansion. Therefore, 
the observed expansion-strength differences between 
the top and bottom flaps may actually be expansion- 
location differences. Since these differences are small, 
only the pressures from the top quadrant were used 
in the pressure integration, as was discussed in the 
“Data Reduction” section. 

Keeping in mind the limitations of orifice loca- 
tion discussed previously, one would expect that the 
strength of the initial flow expansion over the nozzle 
boattail and the following pressure recovery would 
be strongly dependent on the boattail angle of the 
surface, but this is generally not the case. Examine, 
for example, the pressure distributions in figures 7(a) 
and 7(b) (nozzle 2 with /3 Uop/hot = 17.3°/0 ttlddc = 
9.7°). At Moc = 0.60 (fig. 7(a)), the expansion on 
the top and bottom nozzle flaps is much stronger 
than on the nozzle sidewalls, as would be expected 
since top/bot ^ Out at Mqo = 0.90 (fig. 7(b)) 

the expansion on the nozzle sidewalls is stronger. 
Also, nozzles 3, 7, and 11 (figs. 7(d) to 7(f), 7(m) 
to 7(o), and 7(x) to 7(z), respectively), which have 
A, top/bot = Pt, side = 16.4°, have different pressure 
distributions on the top and bottom nozzle flaps and 
nozzle sidewalls. 

At all but a few locations, nozzle pressure coeffi- 
cients are higher with the solid plume simulator in- 
stalled than with it removed (nozzle exit blanking 
plate installed). The shape of the pressure distribu- 
tion is generally unaffected. Notable exceptions are 
pressure distributions over the bottom flaps of noz- 
zles 5, 11, and 12 at Moo ~ 1 -20 (figs. 7(i), 7(z), 
and 7(cc), respectively). In these cases, the sepa- 
rated flow downstream of the standing shock behaves 
differently for simulated plume-on and plume-off 
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conditions. The reasons for this difference are not 
known. As was noted in reference 7, solid plume 
simulators are reasonably effective at duplicating the 
effects of the exhaust plume of axisymmctric nozzles 
operating at design conditions. Therefore, the nozzle 
pressures with the solid plume simulators installed, 
compared with the nozzle pressures with the solid 
plume simulators off, should correspond to an operat- 
ing and nonoperating jet, respectively. Nozzle boat- 
tail pressure coefficients were observed to be highei 
with an operating jet than with a nonoperating jet 
in the investigations of references 5, 12, and 13. The 
external flow over a nozzle with a nonoperating jet 
(solid plume simulator off) must expand over the noz- 
zle boattail to fill in the large base region at the noz- 
zle exit. This expansion acts to lower pressures on 
the nozzle boattail. When the jet is operating (solid 
plume simulator on), this expansion of the external 
flow is reduced, thus increasing boattail pressures. 

Nozzle drag characteristics. The various 
component drag coefficients for each of the nozzles 
tested are presented in figure 8 as a function of free- 
stream Mach number. The left-hand plots show a 
comparison of several computed components of to- 
tal drag: skin- friction drag on the nozzle ( Cpj ) 

(from M.S. 41.27 to M.S. 50.77); pressure drag on 
the nozzle with the solid plume simulator {Cp^ p ) ob- 
tained from pressure integration; and the drag in- 
terference increment due to the solid plume simula- 
tor ((AC DiZ ) phlim 0 (when data are available for both 
plume-on and plume-off cases). The right-hand plots 
show a comparison of the drag measured by the force 
balance C D with the sum of Cpj and Cp. p . The 
plume-interference increment was not included in this 
summed drag coefficient because the effect of the 
plume is to change the nozzle boattail pressures, and 
therefore it is already included in the integrated pres- 
sure drag coefficient. Similarly, wave-drag coefficient 
(for A/oc > 1-0) was not determined separately since 
it is also included in Cp^ p . 

Figure 8 clearly shows that pressure drag is the 
largest contributor to nozzle drag at all Mach num- 
bers by exhibiting the classic sharp rise in drag co- 
efficient as subsonic Mach number increases above 
Afoo = 0.70, and then the decrease in drag coeffi- 
cient as Mach number continues to increase super- 
sonically. As expected, the skin-friction drag coeffi- 
cient was small and remained nearly constant across 
the range of Mach numbers tested. The plumc- 
interference increments were negative and were fairly 
constant over the range of Mach numbers tested. 
Negative plume- interference increments would be ex- 
pected from the previous discussion of the pressure 
distributions. Since the boattail pressures are lower 


in the absence of the solid plume simulator, higher 
drag occurs for plume-off configurations. 

An examination of the right-hand plots of fig- 
ure 8 shows that the sum of pressure drag coeffi- 
cient and skin-friction drag coefficient (both of which 
were computed as described in the Data Reduc- 
tion” section) is generally higher than the total after- 
body drag Cp measured by the force balance. Dif- 
ferences between the measured and computed drag 
coefficients are much larger at the lower Mach num- 
bers (as much as 125 percent of the measured drag 
coefficient). As with any attempt at piessure in 
tegration, the number of pressure orifices is finite, 
and care must be taken in assigning an area to each 
pressure in regions of rapid pressure changes. Since 
there is greater uncertainty in computing drag coef- 
ficient using pressure integration, the parameter C p 
(the drag coefficient measured by the force balance) 
will be used to compare configurations in subsequent 
discussions. 

Effect of Corner Radius 

Figures 9 12 present the effect of afterbody and 
nozzle corner radius for each boattail closure dis- 
tribution with the solid plume simulator installed. 
Part (a) of these figures shows the measured (by 
the balance) drag coefficient as a function of Mach 
number, and parts (b) to (d) (parts (b) and (c) of 
fig. 12) show the boattail static pressure distribu- 
tions. Note that the longitudinal rows of pressure 
orifices are at different spanwise locations for the dif- 
ferent nozzle corner radii, as was shown in figure 5. 
Because of data availability, a complete comparison 
of the three corner radii can be made only for the noz- 
zles with closure distribution of /3 t top/bot “ A, side 
(fig. 11) at subsonic Mach numbers. The effect of 
corner radius on drag was generally less than 0.015 
in Cp between any nozzles of a given closure dis- 
tribution. However, an important point to recall is 
that Cp is an afterbody drag coefficient that is non- 
dimensionalized by maximum fuselage cross-sectional 
area instead of an aircraft drag coefficient that is 
nondimensionalized by wing area. Therefore, after- 
body drag coefficients arc approximately an order of 
magnitude larger than aircraft drag coefficients. 

In general, for the range of Mach numbers tested, 
the sharp- corner nozzles have the highest drag and 
the 2- in. corner-radius nozzles have the lowest drag. 
A notable exception is the nozzles with A, side = 0 
(fig. 9) at supersonic speeds where the 1-in. corner- 
radius nozzle (nozzle 5) had the lowest drag. (Sharp- 
corner-radius data are not available for this closure 
distribution.) The reason for this exception is not 
known. The observed effect of corner radius on 
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drag is expected since any differences between the 
top flap pressures and sidewall boat tail pressures 
can be equalized more easily by flow traveling from 
high-pressure to low-pressure regions around a large 
corner radius. 

The pressure distributions for the nonzero boat- 
tail angle nozzles generally support this expecta- 
tion. For example, on the nozzles with ^ top / bot = 

17 '^/PtMde = 9-7° at Moo = 0.60 (fig. 10(b)), the 
pressures in the initial expansion region exhibit a 
smooth transition from the top flap to the sidewall 
on the 2-in. corner-radius nozzle, but they exhibit a 
sharp jump between the top flap and sidewall on the 
sharp-corner nozzle. Downstream in the pressure re- 
covery region, the pressure levels are similar for all 
the orifice rows on each nozzle despite the apparent 
lack of pressure equalization around the corner of the 
nozzle in the initial expansion region. At = 0.90 
and 1.20 (for example, figs. 10(c) and 10(d), respec- 
tively). the pressure distributions indicate a highly 
complex flow field with shocks and separation regions 
that form at different streamwise locations on the dif- 
ferent nozzle surfaces. 

In contrast, the pressure distributions at = 
0.60 on the nozzles with 0 tMde = 0° (fig. 9(b)) behave 
differently. The far outboard row of orifices on the 
top flap (which are in the corner region of the noz- 
zle for x/l < 0.3) and the row of orifices along the 
top/side corner have pressures in the initial expan- 
sion region that transition between those on the top 
flap and the sidewall, as would be expected. How- 
ever, this trend is not continued through the pres- 
sure recovery region farther downstream. Pressures 
for the top/side corner row do not recover to the 
level of either the top flap or the sidewall pressures, 
although those on the 2-in. corner-radius nozzle re- 
cover better than those on the Tin. corner- radius 
nozzle. Since the change in boattail angle from 17.9° 
on the top /bottom nozzle flaps to 0° on the sidewalls 
is the most severe in this investigation, a vortex could 
form on the nozzle corner. The severity of this vortex 
would be mitigated by the larger corner radii, which 
is consistent with the observed pressure trends. 

Figure 13 presents the effect of angle of attack on 
the measured (by the balance) afterbody drag coeffi- 
cient for the various corner radii with the solid plume 
removed. Drag coefficients for plume-on configura- 
tions (tested only at a = 0°) are presented for refer- 
ence as solid symbols. Generally, the nozzle with the 
lowest drag at a = 0° had the lowest drag across the 
angle-of-attack range tested. As with the plume-on 
configurations, the 2-in. corner-radius nozzles gener- 
ally had the lowest drag. 


Effect of Closure Distribution 

Figures 14 to 16 present the effect of closure dis- 
tribution for each nozzle corner radius with the solid 
plume simulator installed. Part (a) of these figures 
shows the measured drag coefficient as a function 
of Mach number, and parts (b) to (d) (parts (b) 
and (c) of fig. 14) show the static pressure dis- 
tributions. As before, complete comparisons are 
not always possible. For certain corner radii at 
some Mach numbers, closure distribution has little 
or no effect on measured drag such as the sharp- 
corner nozzles at M ^ < 0.70 (fig. 14(a)) or the 
Tin. corner-radius nozzles at > 1.20 (fig. 15(a)). 
The drag of the sharp-corner nozzles seems to be the 
least sensitive to closure distribution, but only data 
from the two nozzles with the least extreme closure 
distributions (0 t top/hot = 17.3°//3 (side = 9.7° and 

Pt, top/bot ~ Pt, side = 16.4°) are available. When clo- 
sure distribution does have an appreciable effect on 
drag, the nozzles with &, top/bot = 17.3%^ side = 
9.7 generally have the lowest drag and the nozzles 
A, top/bot — 15.0°//?£ ?s ide = 22.4° generally have 
the highest drag. 

A notable exception occurs for 0.90 < M ^ < 
0.95 with the 1- and 2-in. corner-radius nozzles 
(figs. 15(a) and 16(a), respectively) where the noz- 
zle with /? Mide = 0° has the lowest drag. Note, 
however, that data for the closure distribution of 
top/bot — 17.3 0 //^ sic i e — 9.7° are not available for 
the 1-in. corner-radius nozzle. An examination of the 
pressure distributions for these nozzles at = 0.90 
(figs. 15(c) and 16(c)) shows little effect of closure 
distribution for the pressures on the top or bottom 
nozzle flaps except in the strength of the initial ex- 
pansion. However, this is not the case on the nozzle 
sidewalls. As was discussed previously, the flow over 
the nozzle sidewalls on the nozzles with /3 t side = 0° 
exhibits neither the strong initial expansion nor the 
strong downstream pressure recovery seen for the 
nonzero boattail angle surfaces. At the lower sub- 
sonic Mach numbers, the strong downstream recov- 
ery on the nonzero boattail angle surfaces is sufficient 
to produce positive pressures that apparently offset 
the drag produced by the low pressures in the ini- 
tial expansion region. At the higher subsonic Mach 
numbers, the pressure recovery on the nonzero boat- 
tail angle surfaces is not strong enough to produce 
positive pressures, and thus all the nonzero boattail 
angle surfaces contribute to drag. The sidewalls of 
the nozzles with (3 t side = 0° have no aft-facing area 
for the pressures to act on, and thus they do not con- 
tribute to the pressure drag on the nozzle. Therefore, 
the nozzles with (3 t side = 0° tend to have the lowest 
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drag in the range of Mach numbers where the pres- 
sure recovery on the surfaces of the other nozzles is 
not sufficient to produce positive pressures. Further 
trade studies are necessary to determine which range 
of Mach numbers is most mission critical in order to 
choose the most beneficial closure distribution. 


A further examination of the pressure distribu- 
tions does not disclose why the nozzles with a clo- 
sure distribution of A, top/bot “ 17.3° /ft tS ide = 9.7 
generally have the lowest drag. For example, the 
two sharp-corner nozzles (figs. 14(b) and 14(c)) have 
nearly identical pressure distributions on the top and 
bottom nozzle flaps. This result is expected since the 
boattail angle differs only by 0.9°. On the nozzle side- 
wall at Moo = 0.60 (fig. 14(b)), the notably stronger 
pressure recovery for nozzle 3 indicates that the drag 
should be lower, especially since the larger sidewall 
boattail angle (/^ jS ide = 16.4° versus /?t,side = 0.7 ) 
yields more aft-facing area on which these positive 
pressures can act. However, no real difference occurs 
between the drag coefficients of these two nozzles at 
this Mach number. (See fig. 14(a).) On the other 
hand, at Moo = 0.90 where there is a difference in 
drag, the differences in the sidewall boattail pres- 
sures between the two closure distributions are not 
as pronounced (fig. 14(c)) as they are at Moo — 0.60. 
The sidewall boattail pressures for nozzle 2 are some- 
what higher than those of nozzle 3. This can result 
in lower drag for nozzle 2 if the aft-facing areas that 
these pressures act on are the same; but in fact noz- 
zle 2 has less aft-facing area for these pressures to act 
on than nozzle 3, thus further reducing the signifi- 
cance of this pressure difference. Yet, examination 
of figure 14(a) clearly shows that Cp for nozzle 2 is 
lower at Afg© = 0.90. 


Figure 17 presents the effect of angle of attack on 
the measured afterbody drag for the various closure 
distributions with the solid plume simulator removed 
at Mach numbers of 0.60, 0.90, and 1.20. The 
plume-on drag coefficients at ol = 0° are presented 
as solid symbols for reference purposes. For the 
2-in. corner-radius nozzles (fig. 17(b)), the nozzle 
with the lowest drag at a = 0° generally has the 
lowest drag across the angle-of-attack range tested, 
as was observed previously. In the high-subsonic 
Mach number range (Moo = 0.90), the nozzles with 
Aside = °° again have the lowest drag. However, 
in contrast to the plume-on configurations where 
the nozzles with A, top/bot = 17.3°/A,side = 9.7 
generally have the lowest drag at M 0 o = 0.60 and 
1.20, the nozzles with A, top/bot = A, side = 16 - 4 
generally have the lowest drag for the plume-off 


configurations. The cause is not clear, even with a 
further examination of the pressure distributions. 


Concluding Remarks 

A parametric study has been conducted in the 
Langley 16-Foot Transonic Tunnel on an isolated 
nonaxisymmetric fuselage model that simulates a 
twin-engine fighter. The effects of aft-end closure dis- 
tribution (top/bottom nozzle- flap boattail angle ver- 
sus nozzle-sidewall boattail angle) and afterbody and 
nozzle corner treatment (sharp or radius) were in- 
vestigated. Four different closure distributions with 
three different corner radii were tested. Tests were 
conducted over a range of Mach numbers from 0.40 
to 1.25 and over a range of angles of attack from —3 
to 9°. Solid plume simulators were used to simulate 
the jet exhaust. 

For a given closure distribution in the range of 
Mach numbers tested, the sharp-corner nozzles gen- 
erally have the highest drag and the 2-in. corner- 
radius nozzles generally have the lowest drag. 


The effect of closure distribution on afterbody 
drag is highly dependent on configuration, plume 
simulation, and Mach number. Except at high sub- 
sonic Mach numbers, the nozzles with the top and 
bottom terminal boattail angle (A, top/bot) 17.3 

and sidewall terminal boattail angle (A, side) 9-7 

generally have the lowest drag for the plume-on con- 
figurations, whereas the nozzles with A, top/bot — 
Aside = 16.4° generally have the lowest drag for 
the plume-off configurations. 4 he nozzles with 
A, top/bot = 15-07$, side = 22 40 generally have the 
highest drag. However, the nozzles with A, side = 9 
have the lowest drag in the range of Mach numbers 
(approximately between 0.90 and 0.95) where the 
pressure recovery on the surfaces of the other noz- 
zles is not sufficient to produce drag-reducing posi- 
tive pressures. Further trade studies are necessary 
to determine which range of Mach numbers is most 
mission critical in order to choose the most beneficial 
closure distribution. 


All nozzles had lower drag with the solid plume 
simulators installed (approximating a fully expanded 
jet exhaust) than with them removed (approximating 
a nonoperating jet). This result has been noted 
previously for nozzles with a flowing jet. 


NASA Langley Research Center 
Hampton, VA 23681-0001 
June 24, 1992 
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1.4655 


1.4473 


1.4308 


1.4132 


1.3947 


1.3772 


1.3589 


1.3420 


1.3215 


1.3038 


1.2860 


1.2690 


1.2504 


1.2334 


1.2151 


1.1965 


1.1773 


1.1600 


1.1364 


1.1234 


1.1030 


1.0826 


0.9955 


0.9936 


0.9978 


0.9916 


0.9917 


0.9930 


0.9932 


0.9958 


0.9974 


0.9989 


1.0003 


1.0013 


1.0074 


1.0072 


1.0084 


1.0032 


0.9940 


0.9772 


0.9780 


0.9453 


0.9297 


0.9215 


0.9090 


0.8942 


0.8796 


0.8671 


0.8523 


0.8391 


0.8236 


0.8131 


0.7982 


0.7845 


0.7692 


0.7560 


0.7414 


0.7280 


0.7149 


0.7029 


0.6877 


0.6803 


0.6604 


0.6496 


5.3003 


5.4003 


5.5003 


5.6003 


5.7003 


5.8003 


5.9003 


6.0003 


6.1003 


6.2003 


6.3003 


6.4003 


6.5003 


6.6003 


6.7003 


6.8003 


6.9003 


7.0003 


7.1003 


7.2003 


7.3003 


7.4003 


7.5003 


7.6003 


7.7003 


7.8003 


7.9003 


8.0003 


8.1003 


8.2003 


8.3003 


8.3679 


8.4001 


8.5001 


8.6001 


8.7001 


8.8001 


8.9001 


9.0001 


9.1001 


9.2001 


9.3001 


9.3955 


y/t 


3.9062 


3.9182 


44 


3.9122 


3.9089 


3.9064 


3.9028 


3.8978 


3.8948 


3.8917 


3.8876 


3.8846 


3.8807 


3.8758 


3.8727 


8 


3.8665 


3.8637 


3.8559 


3.8562 


3.8534 


3.8503 


3.8447 


3.841 1 


3.8383 


3.8346 


3.8305 


3.8277 


3.8239 


3.8204 


3.8167 


3.8159 


3.8134 


3.8112 


3.8082 


3.8059 


3.8018 


3.7993 


3.7968 


3.7841 


3.7849 


3.7814 


Z R 


1.0486 


1.0408 


1.0216 


1.0053 


0.9873 


0.9696 


0.9511 


0.9313 


0.9138 


0.8958 


0.8774 


0.8594 


0.8410 


0.8208 


0.8038 


0.7860 


0.7674 


0.7497 


0.7310 


0.7118 


0.6942 


0.6764 


0.6561 


0.6379 


0.6197 


0.6017 


0.5829 


0.5646 


0.5461 


0.5280 


0.5096 


0.4996 


0.4919 


0.4734 


0.4562 


0.4409 


0.4259 


0.4097 


0.3932 


0.3760 


0.3594 


0.3368 


0.3194 


R 


0.6493 


0.6179 


0.6048 


0.5890 


0.5750 


0.5600 


0.5469 


0.5348 


0.5206 


0.5061 


0.4932 


0.4789 


0.4659 


0.4544 


0.4398 


0.4247 


0.4120 


0.3973 


0.3843 


0.3714 


0.3566 


0.3424 


0.3313 


0.3177 


0.3032 


0.2898 


0.2767 


0.2625 


0.2496 


0.2358 


0.2226 


0.2109 


0.2186 


0.1940 


0.1795 


0.1625 


0.1456 


0.1293 


0.1142 


0.0093 


0.0845 


0.0758 


0.0721 




















































































































































































































1.0004 


1.1004 


1.2004 


1.3004 


1.4004 


1.5004 


1.6004 


1.7004 


1.8004 


1.9004 


2.0004 


2.1004 


2.2004 


2.3004 


2.4004 


2.5004 


2.6004 


2.7004 


2.7500 


2.8001 


2.9001 


3.0001 


3.1001 


3.2001 


3.3001 


3.4001 


3.5001 


3.6001 


3.7001 


3.8001 


3.9001 


4.0001 


4.1001 


4.2001 


4.3001 


4.4001 


4.5001 


4.6001 


4.7001 


4.8001 


4.9001 


4.0138 


4.0135 


4.0143 


4.0146 


4.0139 


4.0157 


4.0153 


4.0154 


4.0147 


4.0147 


4.0159 


4.0150 


4.0133 


4.0139 


4.0140 


4.0141 


4.0136 


4.0102 


4.0120 


4.0086 


4.0046 


3.9999 


3.9888 


3.9732 


3.9598 


3.9446 


3.9305 


3.9134 


3.8954 


3.8792 


3.8619 


3.8470 


3.8292 


3.8131 


3.7958 


3.7783 


3.7623 


3.7446 


3.7284 


3.7080 


3.6985 


Z R 


1.5030 


1.5034 


1.5036 


1.5045 


1.5021 


1.5039 


1.5029 


1.5031 


1.5033 


1.5028 


1.5042 


1.5031 


1.5020 


1.5033 


1.5024 


1.5026 


1.5034 


1.5028 


1.5061 


1.5038 


1.4998 


1.4938 


1.4827 


1.4688 


1.4541 


1.4403 


1.4266 


1.4098 


1.3921 


1.3765 


1.3588 


1.3441 


1.3259 


1.3104 


1.2931 


1.2753 


1.2605 


1.2424 


1.2263 


1.2064 


1.1959 


R 


0.9858 


0.9861 


0.9858 


0.9852 


0.9874 


0.9851 


0.9861 


0.9859 


0.9861 


0.9865 


0.9846 


0.9859 


0.9878 


0.9862 


0.9873 


0.9868 


0.9860 


0.9850 


0.9782 


0.9742 


0.9576 


0.9338 


0.9152 


0.9002 


0.8847 


0.8691 


0.8533 


0.8410 


0.8298 


0.8168 


0.8052 


0.7907 


0.7802 


0.7664 


0.7551 


0.7437 


0.7292 


0.7188 


0.7063 


0.6983 


0.6770 


5.0001 


5.1001 


5.2001 


5.3001 


5.4001 


5.4501 


5.6501 


5.7501 


5.8501 


5.9501 


6.0501 


6.1501 


6.2501 


6.3501 


6.4501 


6.5501 


6.6501 


6.7501 


6.8501 


6.9501 


7.0501 


7.1501 


7.2501 


7.3501 


7.4501 


7.5501 


7.6501 


7.7501 


7.8501 


7.9501 


8.0501 


8.1996 


8.2996 


8.3996 


8.4996 


8.5996 


8.6996 


8.7996 


8.8996 


8.9996 


9.0193 


yR 


3.6728 


3.6602 


3.6016 


3.6397 


3.6294 


3.6122 


3.5824 


3.5651 


3.5483 


3.5359 


3.5179 


3.5028 


3.4862 


3.4696 


3.4539 


3.4352 


3.4136 


3.3973 


3.3862 


3.3738 


3.3742 


3.3438 


3.3273 


3.3118 


3.2946 


3.2793 


3.2647 


3.2516 


3.2350 


3.2200 


3.2085 


3.1720 


3.1546 


3.1389 


3.1224 


3.1154 


3.0975 


3.0816 


3.0604 


3.0332 


3.0414 


Z R 


1.1716 


1.1581 


1.1005 


1.1397 


1.1290 


1.1084 


1.0791 


1.0622 


1.0453 


1.0331 


1.0155 


1.0009 


0.9842 


0.9682 


0.9530 


0.9352 


0.9139 


0.8971 


0.8868 


0.8742 


0.8749 


0.8434 


0.8265 


0.8115 


0.7930 


0.7785 


0.7641 


0.7526 


0.7363 


0.7209 


0.7089 


0.6713 


0.6542 


0.6389 


0.6220 


0.6160 


0.5978 


0.5816 


0.5648 


0.5392 


0.5405 


0.6760 


0.6588 


0.7032 


0.6141 


0.5933 


0.6022 


0.5720 


3 


0.5297 


0.5184 


0.5037 


0.4910 


0.4778 


0.4640 


0.4540 


0.4479 


0.4355 


0.4149 


0.3969 


0.3607 


0.3675 


0.3551 


0.3411 


0.3299 


0.3153 


0.2992 


0.2811 


0.2679 


0.2536 


0.2363 


0.2327 


0.2210 


0.2067 


0.1947 


0.1688 


0.1585 


0.1451 


0.1357 


0.1367 


0.1226 


3 














































































































































































0.9991 


1.0991 


1.1991 


1.2991 


1.3991 


1.4991 


1.5991 


1.6991 


1.7991 


1.8991 


1.9991 


2.0991 


2.1991 


2.2991 


2.3991 


2.4991 


2.5991 


2.6991 


2.7503 


2.8007 


2.9007 


3.0007 


3.1007 


3.2007 


3.3007 


3.4007 


3.5007 


3.6007 


3.7007 


3.8007 


3.9007 


4.0007 


4.1007 


4.2007 


4.3007 


4.4007 


4.5007 


4.6007 


4.7007 


4.8007 


4.9007 


5.0007 


>’/? 


4.0159 


4.0148 


4.0147 


4.0156 


4.0128 


4.0145 


4.0126 


4.0139 


4.0155 


4.0162 


4.0173 


4.0201 


4.0208 


4.0243 


4.0236 


4.0234 


4.0253 


4.0210 


4.0233 


4.0165 


4.0085 


3.9947 


3.9727 


3.9497 


3.9256 


3.9008 


3.8761 


3.8480 


3.8208 


3.7920 


3.7642 


3.7361 


3.7078 


92 


3.6517 


3.6248 


3.5975 


3.5691 


3.5409 


3.5132 


3.4862 


3.4577 


Z R 


1.5147 


1.5131 


1.5129 


1.5134 


1.5112 


1.5133 


1.5114 


1.5142 


1.5168 


1.5181 


1.5202 


1.5240 


1.5257 


1.5307 


1.5312 


1.5321 


1.5341 


1.5289 


1.5153 


1.5008 


1.4835 


1.4678 


1.4556 


1.4453 


1.4339 


1.4237 


1.4092 


1.3966 


1.3823 


1.3695 


1.3564 


1.3431 


1.3292 


1.3168 


1.3046 


1.2926 


1.2780 


1.2649 


1.2516 


1.2390 


1.2250 


0.9825 


0.9841 


0.9845 


0.9833 


0.9867 


0.9838 


0.9862 


0.9832 


0.9801 


0.9790 


0.9767 


0.9722 


0.9703 


0.9644 


0.9642 


0.9630 


0.9589 


0.9613 


0.9574 


0.9625 


0.9589 


0.9511 


0.9398 


0.9249 


0.9074 


0.8914 


0.8739 


0.8619 


0.8482 


0.8359 


0.8226 


0.8088 


0.7962 


0.7835 


0.7694 


0.7553 


0.7407 


0.7291 


0.7164 


0.7029 


0.6889 


0.6764 


5.1007 


5.2007 


5.3007 


5.4007 


5.5007 


5.6007 


5.7007 


5.8007 


5.9007 


6.0007 


6.1007 


6.2007 


6.3007 


6.4007 


6.5007 


6.6007 


6.7007 


6.8007 


6.9007 


7.0007 


7.1007 


7.2007 


7.3007 


7.4007 


7.5007 


7.6007 


7.7007 


7.8007 


7.9007 


8.0007 


8.1007 


8.2007 


8.3007 


8.4007 


8.5007 


8.6007 


8.7007 


8.8007 


8.9007 


9.0007 


9.0164 


yR 


3.4312 


3.4026 


3.3757 


3.3486 


3.3210 


3.2941 


3.2660 


3.2398 


3.2119 


3.1835 


3.1570 


3.1292 


3.1008 


3.0724 


3.0456 


3.0175 


2.9907 


2.9629 


2.9356 


2.9082 


2.8808 


2.8533 


2.8262 


2.7984 


2.7712 


2.7435 


2.7169 


2.6894 


2.6625 


2.6355 


2.6090 


2.5818 


2.5548 


2.5267 


2.5010 


2.4721 


2.4454 


2.4166 


2.3882 


2.3597 


2.3384 


Z R 


1.2128 


1.1984 


1.1861 


1.1734 


1.1601 


1.1476 


1.1345 


1.1225 


1.1096 


1.0957 


1.0844 


1.0706 


1.0569 


1.0434 


1.0306 


1.0172 


1.0047 


0.9918 


0.9783 


0.9652 


0.9528 


0.9396 


0.9278 


0.9139 


0.9009 


0.8882 


0.8766 


0.8636 


0.8515 


0.8388 


0.8268 


0.8143 


0.8012 


0.7877 


0.7753 


0.7611 


0.7486 


0.7341 


0.7201 


0.7053 


0.6834 


0.6617 


0.6495 


0.6353 


0.6207 


0.6074 


0.5926 


0.5792 


0.5645 


0.5515 


0.5387 


0.5233 


0.5107 


0.4980 


0.4856 


0.4719 


0.4586 


0.4443 


0.4305 


0.4172 


0.4032 


0.3886 


0.3755 


0.3604 


0.3481 


0.3349 


0.3208 


0.3061 


0.2921 


0.2772 


0.2633 


0.2481 


0.2341 


0.2204 


0.2069 


0.1918 


0.1792 


0.1646 


0.1521 


0.1391 


0.1270 


0.1501 




















































































































































































W5] 


4.8000 


4.9000 


4.9489 


4.9996 


5.1003 


5.2003 


5.3003 


5.4003 


5.5003 


5.6003 


5.7003 


5.8003 


5.9003 


6.0003 


6.1003 


6.2003 


6.3003 


6.4003 


6.5003 


6.6003 


6.7003 


6.8003 


6.9003 


7.0003 


7.1003 


7.1681 


7.1996 


7.2996 


7.3996 


7.4996 


7.5996 


7.6996 


7.7996 


7.8996 


6 


8.0996 


8.1996 


8.2996 


8.3618 


yR 


3.6591 


3.6884 


3.6750 


3.6189 


3.7024 


3.7777 


3.8184 


3.8426 


3.8796 


3.9139 


3.9366 


3.9678 


3.9957 


4.0230 


4.0468 


4.0793 


4.1037 


4.1355 


4.1667 


4.1908 


4.2178 


4.2467 


4.2757 


4.3053 


4.3234 


4.2838 


4.2027 


4.3786 


4.4025 


4.4267 


4.4516 


4.4784 


4.5028 


4.5328 


4.5534 


4.5852 


4.6078 


9 


4.6363 


Z R 


0.5471 


0.5444 


0.5121 


0.4554 


0.4857 


0.5331 


0.5403 


0.5315 


0.5366 


0.5378 


0.5259 


0.5249 


0.5191 


0.5134 


0.5040 


0.5039 


0.4950 


0.4928 


0.4906 


0.4817 


0.4745 


0.4689 


0.4641 


0.4596 


0.4436 


0.3892 


0.3346 


0.4332 


0.4222 


0.4127 


0.4028 


0.3948 


0.3851 


0.3817 


0.3680 


0.3665 


0.3552 


0.3441 


0.3293 


1.2952 


1.2654 


1.2913 


1.3644 


1.2692 


1.1726 


1.1279 


1.1057 


1.0650 


1.0289 


1.0098 


0.9775 


0.9506 


0.9244 


0.9030 


0.8692 


0.8470 


0.8150 


0.7834 


0.7614 


0.7362 


0.7085 


0.6802 


0.6514 


0.6383 


0.6968 


0.7915 


0.5845 


0.5638 


0.5421 


0.5202 


0.4959 


0.4742 


0.4447 


0.4285 


0.3964 


0.3773 


0.3587 


0.3572 
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1.0002 


1.1002 


1.2002 


1.3002 


1.4002 


1.5002 


1.6002 


1.7002 


1.8002 


1.9002 


2.0002 


2.1002 


2.2002 


2.3002 


2.4002 


2.5002 


2.6002 


2.7002 


2.7498 


2.8000 


2.9000 


3.0000 


3.1000 


3.2000 


3.3000 


3.4000 


3.5000 


3.6000 


3.7000 


3.8000 


3.9000 


4.0000 


4.1000 


4.2000 


4.3000 


4.4000 


4.5000 


4.6000 


4.7000 


4.8000 


4.9000 


5.0000 


5.1000 


yR 


3.0021 


3.0071 


3.0031 


3.0029 


3.0039 


3.0039 


3.0025 


3.0047 


3.0036 


3.0097 


3.0101 


3.0103 


3.0145 


3.0153 


3.0158 


3.0197 


3.0229 


3.0304 


3.0234 


3.0290 


3.0545 


3.0634 


3.0606 


3.0563 


3.0557 


3.0534 


3.0533 


3.0529 


3.0526 


3.0479 


3.0472 


3.0456 


3.0428 


3.0441 


3.0418 


3.0402 


3.0398 


3.0379 


3.0355 


3.0330 


3.0334 


3.0300 


3.0275 


Z R 


0.5133 


0.5177 


0.5140 


0.5130 


0.5136 


0.5133 


0.5117 


0.5143 


0.5138 


0.5193 


0.5197 


0.5193 


0.5236 


0.5246 


0.5253 


0.5283 


0.5317 


0.5382 


0.5259 


0.5326 


0.5651 


0.5769 


0.5759 


0.5725 


0.5728 


0.5719 


0.5721 


0.5718 


0.5721 


0.5674 


0.5664 


0.5653 


0.5632 


0.5642 


0.5620 


0.5601 


0.5592 


0.5577 


0.5548 


0.5520 


0.5523 


0.5488 


0.5465 


R 


1.9942 


1.9875 


1.9925 


1.9928 


1.9918 


1.9915 


1.9935 


1.9902 


1.9911 


1.9834 


1.9826 


1.9825 


1.9767 


1.9750 


1.9736 


1.9681 


1.9624 


1.9493 


1.9595 


1.9465 


1.8907 


1.8535 


1.8286 


1.8043 


1.7749 


1.7471 


1.7174 


1.6881 


1.6585 


1.6351 


1.6066 


1.5785 


1.5522 


1.5205 


1.4941 


1.4663 


1.4376 


1.4097 


1.3836 


1.3571 


1.3271 


1.3016 


1.2754 


5.2000 


5.3000 


5.4000 


5.5000 


5.6000 


5.7000 


5.8000 


5.9000 


6.0000 


6.1000 


6.2000 


6.3000 


6.4000 


6.5000 


6.6000 


6.7000 


6.8000 


6.9000 


7.0000 


7.1000 


7.2000 


7.3000 


7.4000 


7.5000 


7.6000 


7.7000 


7.8000 


7.9000 


8.0000 


8.1000 


8.2000 


8.3000 


8.4000 


8.5000 


8.6000 


8.7000 


8.8000 


8.9000 


9.0000 


9.1000 


9.2000 


9.2410 


y 


3.0261 


3.0224 


3.0222 


3.0217 


3.0185 


3.0175 


3.0159 


3.0146 


3.0146 


3.0125 


3.0119 


3.0097 


3.0088 


3.0077 


3.0050 


3.0035 


3.0022 


3.0016 


3.0004 


2.9984 


2.9986 


2.9985 


2.9967 


2.9940 


2.9931 


2.9920 


2.9919 


2.9909 


2.9887 


2.9877 


2.9871 


2.9868 


2.9851 


2.9813 


2.9795 


2.9772 


2.9742 


2.9708 


2.9688 


2.9654 


2.9615 


2.9583 


0.5447 


0.5417 


0.5411 


0.5407 


0.5376 


0.5369 


0.5353 


0.5339 


0.5341 


0.5317 


0.5305 


0.5287 


0.5280 


0.5269 


0.5238 


0.5229 


0.5215 


0.5213 


0.5207 


0.5189 


0.5183 


0.5186 


0.5166 


0.5137 


0.5127 


0.5115 


0.5111 


0.5102 


0.5080 


0.5073 


0.5065 


0.5057 


0.5031 


0.4991 


0.4969 


0.4938 


0.4911 


0.4869 


0.4847 


0.4815 


0.4772 


0.4734 


1.2475 


1.2226 


1.1931 


1.1641 


1.1383 


1.1099 


1.0820 


1.0543 


1.0241 


0.9977 


0.9687 


0.9417 


0.9127 


0.8845 


0.8584 


0.8303 


0.8021 


0.7733 


0.7444 


0.7174 


0.6878 


0.6579 


0.6306 


0.6047 


0.5761 


0.5482 


0.5185 


0.4905 


0.4632 


0.4349 


0.4058 


0.3771 


0.3500 


0.3257 


0.2983 


0.2724 


0.2461 


0.2214 


0.1941 


0.1684 


0.1433 


0.1356 












































































































































































Table 1. Concluded 


(h) Nozzle 12 


X 

yR 

Z R 

R 


JC 

yR 

Z R 

R 

1.0000 

3.0007 

0.4884 

2.0069 


5.1000 

2.7799 

0.5445 

1.3120 

1.1000 

3.0025 

0.4909 

1 2.0041 


5.2000 

2.7655 

0.5443 

1.2864 

1.2000 

3.0031 

0.4918 

1 2.0035 


5.3000 

2.7546 

0.5481 

1.2556 

1.3000 

3.0037 

j 0.4922 

2.0028 


5.4000 

2.7418 

0.5505 

1.2267 

1.4000 

3.0034 

0.4925 

2.0033 


5.5000 

2.7304 

0.5542 

1.1957 

1.5000 

3.0032 

0.4926 

2.0036 


5.6000 

2.7172 

0.5555 

1.1684 

1.6000 

3.0035 

0.4930 

2.0031 


5.7000 

2.7047 

0.5575 

1.1402 

1.7000 

3.0048 

0.4946 

2.0014 


5.8000 

2.6927 

0.5610 

1.1099 

1.8000 

3.0054 

0.4949 

2.0008 


5.9000 

2.6815 

0.5642 

1.0800 

1.9000 

3.0043 

0.4942 

2.0020 


6.0000 

2.6666 

0.5644 

1.0541 

2.0000 

3.0024 

0.4926 

2.0041 


6.1000 

2.6537 

0.5659 

1.0260 

2.1000 

3.0043 

0.4942 

2.0016 


6.2000 

2.6416 

0.5690 

0.9966 

2.2000 

3.0073 

0.4971 

1.9974 


6.3000 

2.6288 

0.5710 

0.9681 

2.3000 

3.0064 

0.4965 

1.9980 


6.4000 

2.6168 

0.5741 

0.9386 

2.4000 

3.0065 

0.4969 

1.9976 


6.5000 

2.6049 

0.5767 

0.9089 

2.5000 

3.0093 

0.4999 

1.9935 


6.6000 

2.5915 

0.5778 

0.8818 

2.6000 

3.0144 

0.5047 

1.9865 


6.7000 

2.5801 

0.5807 

0.8521 

2.7000 

3.0234 

0.5114 

1.9744 


6.8000 

2.5664 

0.5821 

0.8242 

2.7496 

3.0326 

0.5162 

1.9618 


6.9000 

2.5523 

0.5826 

0.7973 

2.8000 

3.0362 

0.5159 

1.9555 


7.0000 

2.5393 

0.5839 

0.7697 

! 2.9000 

3.0477 

0.5182 

1.9277 


7.1000 

2.5275 

0.5871 

0.7393 

3.0000 

3.0413 

0.5102 

1.9090 


7.2000 

2.5143 

0.5886 

0.7117 

3.1000 

3.0268 

0.5033 

1.8889 


7.3000 

2.5013 

0.5902 

0.6839 

3.2000 

3.0119 

0.4998 

1.8656 


7.4000 

2.4888 

0.5925 

0.6549 

3.3000 

3.0072 

0.5076 

1.8274 


7.5000 

2.4761 

0.5942 

0.6268 

3.4000 

2.9935 

0.5082 

1.7998 


7.6000 

2.4630 

0.5963 

0.5983 

3.5000 

2.9793 I 

0.5086 

1.7728 


7.7000 

2.4498 

0.5969 

0.5709 

3.6000 

2.9681 

0.5121 

1.7425 


7.8000 

2.4369 

0.5991 

0.5427 

3.7000 

2.9550 

0.5140 

1.7139 


7.9000 

2.4252 

0.6019 

0.5132 

3.8000 

2.9420 

0.5159 

1.6859 


8.0000 

2.4122 

0.6039 

0.4848 

3.9000 

2.9421 

0.5382 

1.6346 


8.1000 

2.3999 

0.6062 

0.4555 

4.0000 

2.9167 

0.5197 

1.6292 


8.2000 

2.3869 

0.6082 

0.4275 

4.1000 

2.9039 

0.5216 

1.6013 


8.3000 

2.3739 

0.6099 

0.3997 

4.2000 

2.8917 

0.5244 

1.5717 


8.4000 

2.3625 

0.6133 

0.3691 

4.3000 

2.8801 

0.5271 

1.5424 


8.5000 

2.3479 

0.6125 

0.3437 

4.4000 

2.8691 

0.5315 

1.5108 


8.6000 

2.3359 

0.6158 

0.3135 

4.5000 

2.8558 

0.5327 

1.4836 


8.7000 

2.3224 

0.6163 

0.2867 

4.6000 

2.8414 

0.5329 

1.4574 


8.8000 

2.3092 

0.6181 

0.2581 ! 

4.7000 

2.8308 

0.5372 

1.4263 


8.9000 

2.2983 

0.6215 

0.2278 

4.8000 

2.8161 

0.5368 

1.4004 


9.0000 

2.2848 

0.6221 

0.2001 

4.9000 

2.8059 

0.5409 

1.3692 


9.1000 

2.2737 

0.6252 

0.1701 

5.0000 

2.7916 

0.5411 | 

1.3426 


9.1511 

2.2648 

0.6219 i 

0.1599 
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Table 2. Continued 


(b) Nozzle 3 


Left side 


Bottom 


1.444 

0.005 

1.446 

-2.694 

1.444 

-4.044 

1.443 

-4.717 

2.148 

-4.532 

2.139 

-3.888 

2.145 

-2.591 

2.145 

-0.003 

2.849 

0.000 

2.844 

-2.482 

2.844 

- 3.729 

2.841 

-4.358 

3.195 

-4.263 

3.198 

-3.657 

3.198 

-2.439 

3.197 

0.000 

3.894 

0.010 

3.895 

-2.335 

3.898 

-3.496 

3.895 

-4.088 

4.595 

0.005 

5.298 

0.006 

5.298 

-2.126 

5.301 

-3.194 

5.298 

-3.729 

5.998 

0.002 

6.695 

-0.002 

6.696 

-1.923 

6.698 

-2.887 

6.699 

-3.370 

7.400 

-3.184 

7.392 

-2.724 

7.398 

-1.814 

7.395 

0.000 

8.098 

0.000 

8.095 

-1.713 

8.091 

-2.580 

8.098 

-3.006 

8.797 

-2.819 

8.794 

-2.414 

8.798 

-1.608 

8.785 

0.000 


i 1.450 

-2.171 

1.449 

0.001 

1.450 

1.448 

1.447 

2.169 

2.148 

2.018 

2.146 

1.350 

2.148 

0.004 

2.150 

-2.017 

2.850 

-1.856 

2.850 

0.009 

2.850 

1.246 

2.847 

1.865 

3.195 

1.790 

3.195 

1.191 

3.202 

0.009 

3.198 

-1.779 

3.899 

-1.621 

3.895 

0.009 

3.896 

1.091 

3.895 

1.632 

4.599 

0.002 

5.301 

0.007 

5.299 

-1.317 

5.295 

0.886 

5.295 

1.321 

5.999 

0.012 

6.698 

0.010 

6.699 

0.680 

6.696 

1.015 

6.704 

-1.002 

7.397 

0.013 

7.395 

0.579 

7.392 

0.854 

8.099 

0.711 

8.101 

0.481 

8.102 

0.009 

8.800 

0.010 

8.799 

0.373 

8.800 

0.558 

8.798 

-0.535 


2 


s 








Left side 


Bottom 


0.003 

- 2.499 

- 3.745 

- 4.376 

- 4.373 

- 3.747 

- 2.499 

0.002 

0.000 

- 2.499 

- 3.750 

- 4.375 

- 4.373 

- 3.750 

- 2.499 

- 0.000 

- 0.000 

- 2.501 

- 3.748 

- 4.378 

0.001 

- 0.000 

- 2.499 

- 3.751 

- 4.376 

0.000 

- 0.002 

2.501 

- 3.750 

- 4.377 

- 4.376 

- 3.750 

- 2.501 

0.002 

0.002 

- 2.502 

- 3.746 

- 4.378 

— 4.379 

- 3.750 

- 2.498 

- 0.002 


1.450 

1.447 

1.447 

1.447 

2.149 

2.152 

2.152 

2.152 

2.847 

2.851 

2.850 

2.847 

3.196 

3.201 

3.201 

3.198 

3.899 

3.895 

3.897 

3.899 

4.601 

5.300 

5.302 

5.300 

5.297 

6.002 

6.700 

6.701 
6.700 
6.699 
7.395 
7.399 
7.399 
8.100 
8.100 
8.097 
8.799 
8.799 
8.801 
8.802 


- 1.472 

- 0.003 

1.469 

2.167 

2.169 

1.358 

- 0.002 

- 1.359 

- 1.246 

0.002 

1.246 

2.143 

2.050 

1.187 

0.000 

- 1.189 

- 1.079 

- 0.002 

1.072 

1.863 

- 0.003 

0.000 

- 0.852 

0.849 

1.477 

- 0.001 

- 0.001 

- 0.627 

0.624 

1.098 

0.906 

0.507 

- 0.002 

- 0.004 

0.394 

0.715 

0.524 

0.285 

- 0.001 

- 0.284 


1.448 

2.150 

2.843 

3.195 
3.897 
5.295 
6.698 
8.796 
1.450 
2.147 
2.848 

3.196 
3.895 
5.297 
6.698 
7.396 
8.097 

8.795 
1.447 
2.144 
2.845 
3.198 
3.895 
5.297 
6.697 
7.396 
8.095 

8.796 





Left side 


Bottom 


x 

1.452 
1.451 
1.454 

1.453 
2.149 
2.155 
2.154 
2.154 
2.852 
2.850 
2.849 
2.848 
3.200 
3.198 
3.198 
3.198 
3.901 
3.898 

3.900 

3.901 
4.603 
5.301 
5.304 
5.300 
5.299 
6.002 
6.702 
6.699 
6.699 
6.697 
7.403 

7.399 

7.400 
7.398 
8.102 
8.099 
8.103 
8.099 
8.797 
8.800 
8.800 
8.802 


Top 


y 

0.003 

- 2.697 

- 4.047 

- 4.715 

- 4.536 

- 3.891 

- 2.592 

0.002 

0.003 

- 2.487 

- 3.734 

- 4.355 

- 4.263 

- 3.655 

- 2.436 

0.001 

0.003 

- 2.336 

- 3.502 

- 4.086 

0.002 

0.001 

- 2.130 

- 3.194 

- 3.728 

0.001 

0.003 

- 1.922 


x 

1.457 

1.457 

1.457 

1.452 

2.156 

2.157 
2.153 
2.157 

2.853 

2.854 
2.853 
2.856 
3.208 
3.203 
3.206 
3.203 
3.903 
3.903 

3.905 

3.906 
4.604 
5.302 
5.306 

5.305 

5.306 
6.003 
6.705 
6.703 


- 2.880 

- 3.365 

- 3.185 

- 2.727 

- 1.817 

0.003 

0.003 

- 1.713 

- 2.576 

- 3.002 

- 2.820 

- 2.422 

- 1.615 


6.704 

6.702 

7.404 
7.407 

7.405 
8.103 
8.102 
8.106 
8.809 

8.803 
8.805 

8.804 


z 

-V \ 

V 

- 1.445 

1.450 

0.003 

- 0.001 

1.453 

- 2.695 

1.448 

1.450 

- 4.710 

2.204 

2.150 

- 4.537 

2.205 

2.148 

- 2.593 

1.341 

2.152 

0.006 

- 0.001 

2.847 

- 0.002 

- 1.345 

2.845 

- 2.491 

- 1.240 

2.846 

- 4.357 

- 0.001 

3.198 

- 4.268 

1.240 

3.198 

- 2.435 

2.194 

3.198 

0.000 

2.114 

3.902 

- 0.002 

1.187 

3.899 

- 2.334 

0.001 

3.899 

- 4.087 

- 1.194 

5.300 

- 3.724 

- 1.089 

5.302 

- 2.133 

- 0.003 

5.301 

- 0.003 

1.084 

6.699 

- 0.001 

1.937 

6.701 

- 1.921 

- 0.002 

6.698 

- 3.362 

- 0.004 

7.400 

- 3.184 

- 0.885 

7.402 

- 1.820 

0.878 

8.102 

- 1.720 

1.582 

8.102 

- 3.006 

- 0.001 

8.801 

- 2.820 

- 0.002 

8.802 

- 1.612 

- 0.675 

8.798 

- 0.001 


0.668 

1.226 

1.051 

0.567 

- 0.003 

- 0.002 

0.468 

0.870 

0.687 

0.366 

0.000 

- 0.371 


0.004 







Top 


X 

y 

1.447 

- 0.002 

1.447 

- 2.796 

1.450 

- 4.193 

1.451 

- 4.895 

2.146 

- 4.637 

2.147 

- 3.980 

2.144 

- 2.650 

2.147 

0.003 

2.850 

- 0.001 

2.850 

- 2.502 

2.850 

- 3.765 

2.850 

- 4.387 

3.196 

- 4.259 

3.198 

- 3.648 

3.196 

- 2.434 

3.198 

0.002 

3.897 

0.004 

3.898 

- 2.286 

3.898 

- 3.437 

3.895 

- 4.007 

4.597 

0.004 

5.295 

0.001 

5.297 

- 1.999 

5.294 

- 3.004 

5.297 

- 3.502 

6.000 

0.006 

6.697 

0.004 

6.698 

- 1.711 

6.697 

- 2.568 

6.695 

- 3.004 

7.396 

- 2.749 

7.396 

- 2.355 

7.396 

- 1.565 

7.398 

0.002 

8.098 

- 0.001 

8.100 

- 1.424 

8.097 

- 2.144 

8.097 

- 2.499 

8.798 

- 2.242 

8.793 

- 1.923 

8.798 

- 1.281 

8.798 

- 0.001 


Left side 


6.702 

6.700 

7.401 

7.404 

7.406 

8.106 

8.103 

8.105 

8.801 

8.803 

8.798 

8.799 


- 0.008 

- 0.729 

- 0.006 

0.625 

1.150 

0.997 

0.532 

- 0.003 

- 0.010 

- 0.444 

0.439 

0.838 


Bottom 


X 

2 

X 

y 

1.452 

- 1.421 

1.450 

0.006 

1.453 


1.450 

- 2.795 

1.452 

1.431 

1.450 

- 4.888 

1.448 


2.150 

- 4.638 

2.146 


2.148 

- 2.654 

2.152 

1.335 

2.146 

0.006 

2.151 

0.009 

2.853 

0.000 

2.152 

- 1.330 

2.851 

- 2.507 

2.850 

- 1.240 

2.853 

- 4.391 

2.850 

0.004 

j 3.199 

- 4.265 

2.853 

1.240 

3.199 

- 2.438 

2.852 

2.196 

3.199 

0.000 

3.201 

2.132 

3.902 

0.005 

3.201 

1.191 

3.902 

- 2.291 

3.201 

- 0.001 

3.895 

- 4.009 

3.200 

- 1.191 

5.299 

- 3.504 

3.900 

- 1.100 

5.302 

- 2.005 

3.904 

0.001 

5.295 

0.005 

3.900 

1.095 

6.698 

0.005 

3.905 

1.969 

6.702 

- 1.713 

4.601 

0.001 

6.698 

- 3.009 

5.297 

- 0.008 

7.401 

- 2.758 

5.300 

- 0.917 

7.398 

- 1.575 

5.297 

0.904 

8.099 

- 1.429 

5.302 

1.642 

8.100 

- 2.504 

5.999 

- 0.005 

8.802 

- 2.250 

6.703 

1.310 

8.799 

- 1.284 

6.699 

0.723 

8.799 

- 0.003 










Left side 


Bottom 


- 0.005 

- 1.250 

- 2.499 

- 3.750 

- 3.750 

- 2.505 

- 1.250 

- 0.001 

- 0.004 

- 1.250 

- 2.502 

- 3.762 

- 3.752 

- 2.510 

- 1.251 

- 0.001 

- 0.004 

- 1.245 

- 2.497 

- 3.746 

0.001 

- 0.001 

- 1.253 

- 2.500 

3.749 

0.001 

- 0.001 

- 1.251 

- 2.506 

- 3.750 

- 3.746 

- 2.503 

- 1.250 

- 0.001 

- 0.001 

- 1.250 

- 2.497 

- 3.750 

- 3.749 

- 2.505 

- 1.248 

0.001 


1.450 

1.450 
1.448 

1.451 
2.144 
2.148 
2.147 
2.147 
2.850 

2.850 

2.851 
2.851 
3.196 
3.201 
3.196 
3.201 
3.903 
3.895 
3.898 
3.897 
4.599 
5.298 
5.298 
5.302 
5.297 
5.999 
6.698 
6.697 
6.697 
6.702 
7.401 
7.396 
7.398 
8.100 
8.102 
8.102 
8.795 
8.799 
8.798 
8.801 


- 1.472 

- 0.002 

1.469 

1.921 

1.921 

1.356 

- 0.002 

- 1.357 

- 1.251 

- 0.001 

1.242 

1.867 

1.801 

1.190 

- 0.002 

- 1.194 

- 1.087 

- 0.005 

1.078 

1.631 

- 0.006 

- 0.004 

- 0.856 

0.846 

1.303 

- 0.005 

- 0.002 

- 0.628 

0.626 

0.974 

0.801 

0.512 

- 0.001 

0.003 

0.399 

0.637 

0.483 

0.286 

0.002 

- 0.294 


1.442 

1.442 

1.446 

2.144 

2.143 

2.144 
2.843 
2.843 
2.847 
3.199 
3.194 
3.191 
3.892 
3.892 
3.898 
5.294 
5.292 
5.292 
6.692 
6.695 
6.692 
7.391 
7.398 
8.092 
8.091 
8.793 
8.791 
8.791 


0.00 

2.50 

3.75 

3.75 


- 2.500 

- 0.002 

- 0.003 

- 2.499 

- 3.759 

- 3.756 

- 2.501 

- 0.003 

- 0.002 

- 2.501 

- 3.753 

- 3.751 

- 2.501 

- 0.000 

0.003 

- 2.496 

- 3.751 

- 3.748 

- 2.499 

- 2.498 

- 3.750 

- 3.756 

- 2.496 

0.003 





Bottom 


1.443 

1.443 

1.442 

1.446 

2.147 

2.146 

2.149 

2.143 

2.847 

2.847 

2.848 
2.845 
3.193 
3.195 
3.198 
3.195 

3.895 

3.896 

3.896 

3.897 
4.595 
5.295 
5.298 
5.297 
5.295 
5.995 
6.697 
6.697 

6.696 

6.697 
7.396 

7.396 

7.397 
7.395 
8.096 
8.095 
8.095 
8.098 
8.801 
8.799 
8.801 
8.795 


- 0.006 

- 1.302 


- 3.819 

- 2.549 

- 1.276 

- 0.003 

- 0.004 

- 1.243 

- 2.491 

- 3.724 

- 3.681 

- 2.461 

- 1.234 

- 0.003 

- 0.007 

- 1.201 

- 2.395 

- 3.597 

- 0.006 
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Static pressure coefficients on nozzle top flap at ylY = 0.75 































































































































































































































































































(b) Static pressure coefficients on nozzle sidewall 


tic pressure coefficients on nozzle sidewall at zfZ- 0.75 
with values of xfl of— 
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(c) Static pressure coefficients on nozzle bottom flap 


pressure coefficients on nozzle bottom flap at y/Y ~ 0.875 
with values of x/l of — 
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pressure coefficients on nozzle bottom flap at y/Y = 0.50 
with values of xll of — 
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(a) Static pressure coefficients on nozzle top flap 





























































































































































































































































































Static pressure coefficients on nozzle top flap at y!Y - 0.75 
with values of x/l of — 




























































































































































































































































(b) Static pressure coefficients on nozzle sidewall 


Static pressure coefficients on nozzle sidewall at z/Z = 0.75 
with values of xll of — 
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fficients on nozzle sidewall at centerline 
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Table 5. Continued 
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Static pressure coefficients on nozzle bottom flap at centerline 
with values of xll of — 
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Static pressure coefficients on nozzle top flap at ytY = 0.50 
with values of xll of — 
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oefficients on nozzle top flap at y/Y - 0.75 ”1 

with values of xll of — I 
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Table 6. Continued 


Static pressure coefficients on nozzle sidewall at z/Z = -0.75 
with values of xll of — 
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Table 6. Continued 
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• 20Z U.004 -0.013 -0.028 -0.433 -0.508 -0,404 -0.364 -0,236 -0.135 -0,098 -0.075 

.199 2.942 -0.029 -0.034 -0,442 -0.537 -0,415 -0,386 -0,263 -0.156 -0,122 -0.101 

.200 6.007 -0.041 -0.045 -0,443 -0.543 -0.433 -0.397 -0,370 -0.191 -0.133 -0.109 

.198 9.002 -0,062 -0,052 -0.438 -0.541 -0.461 -0.405 -0.401 -0.352 -0.183 -0.102 

.153 | 0.020 | -0.029 | -0.050 | -0.486 | -0.566 -0.459 -0.397 -0.200 -0.142 -Q.| 12 -0.088 

























































































































































































































































































































Table 6. Continued 
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Table 6. Continued 


: pressure coefficients on nozzle bottom flap at centerline 
with values of xll of — 
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Table 6. Concluded 
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(a) Static pressure coefficients on nozzle top flap 
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(b) Static pressure coefficients on nozzle sidewall 
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Static pressure coefficients on nozzle sidewall at centerline 

with values of xJl of — f . 

153 1 126 1 300 r“337 I -411 | -484 .558 | .632 | .705 \ .779 I .853 I ^926 



0.801 —.157 - -0.251 -0.247 -0.225 -0.171 -0.109 0.039 

0.702 -Q.159 - -0,225 -0.222 -0.204 -0.151 -0.081 0-081 

0.602 ~ -0.1 47 -0.199 -0.199 -0.185 -0.143 -0.083 0.070 

0.400 -0.133 -0.178 I -0.184 I -0.169 I -0.139 I -0.085 | 0.033 















































































































































































































































































(c) Static pressure coefficients on nozzle bottom flap 


pressure coefficients on nozzle bottom flap at y/Y = 0.875 
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0,801 0.1103 0.1260 0.0130 

0.702 0.0579 0.0722 0.0133 

0,602 0.0445 ^.0600 0.0136 

0.400 0.0360 0.0624 | 0.0145 
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Static pressure coefficients on nozzle top flap at y/Y = 0.75 
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Table 8 . Continued 
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Table 8. Continued 
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Static pressure coefficients on nozzle bottom flap at centerline 
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(a) Static pressure coefficients on nozzle top Hap 
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Static pressure coefficients on comer between nozzle top flap and sidewall 
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0.703 -0.228 -0.375 -0.927 -0.412 -0.151 0.026 0.118 0.201 

0,603 -0.219 -0.354 -0.757 -0.391 -0.149 0.021 0.111 0.202 

0.402 -0.197 -0.316 ~4).639 1 -0.344 I -0.136 | 0.018 | 0.104 | 0.193 

























































































































































































































































































































(c) Static pressure coefficients on nozzle bottom flap 
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Table 10. Concluded 
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Static pressure coefficients on nozzle top flap at y!Y - 0.50 
with values of xli of — 
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Static pressure coefficients on nozzle top flap at ylY = 0.75 
with values of xll of — 
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Table 1 1 . Continued 
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Static pressure coefficients on nozzle top flap at y/Y = 0.50 
with values of x/l of— 
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Static pressure coefficients on nozzle top flap at yl Y = 0.75 
with values of x/l of — 
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(b) Static pressure coefficients on nozzle sidewall 


Static pressure coefficients on comer between nozzle top flap and sidewall 
with values of xfl of — 
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Static pressure coefficients on nozzle sidewall at z/Z = 0.50 
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Table 12. Continued 
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(c) Static pressure coefficients on nozzle bottom flap 
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Static pressure coefficients on nozzle sidewall at centerline 
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Table 13. Continued 
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0400 1 0,018 I -0.213 | -0.314 | -0.755 1 -0.388 1 -0.165 I -0.002 I 0.079 I 0,108 \ 0.133 
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Static pressure coefficients on nozzle top flap at ylY = 0.50 
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(b) Static pressure coefficients on nozzle sidewall 


sure coefficients on comer between nozzle top flap and sidewall 
with values of xJl of— 
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(c) Static pressure coefficients on nozzle bottom flap 


Static pressure coefficients on nozzle bottom flap at y!Y - 0.75 
with values of x/l of — 
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Static pressure coefficients on nozzle bottom flap at y/Y = 0.50 
with values of x/l of — 
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Static pressure coefficients on nozzle top flap at y!Y = 0.50 
with values of x/l of — 
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0.897 [ 9.226 I -0.184 | - | -0.443 1 -0.570 | -0.453 I -0.271 | -0.237 1 -0.203 1-0.150 1 -0.077 
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Static pressure coefficients on nozzle top flap at y/Y = 0.50 

with values of xll of — 
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(b) Static pressure coefficients on nozzle sidewall 


Static pressure coefficients on comer between nozzle top flap and sidewall 
with values of xll of — 
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(c) Static pressure coefficients on nozzle bottom flap 


Static pressure coefficients on nozzle bottom flap at ylY = 0.75 
with values of x/l of — 
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Static pressure coefficients on nozzle bottom flap at y/Y = 0.50 
with values of x/l of — 
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Static pressure coefficients on nozzle top flap at centerline 
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(b) Static pressure coefficients on nozzle sidewall 


Static pressure coefficients on comer between nozzle top flap and sidewall 
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(c) Static pressure coefficients on nozzle bottom flap 
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Static pressure coefficients on nozzle top flap at y/Y = 0.50 
with values of x/l of — 
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0.402 [ -0.026 | -0.204 | - | -0.643 | -0.376 | -0.158 1 -0.010 | 0.058 I 0.088 1 0.116 | 0.142 
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Q- 6 Q* 8.990 -0.282 -0.409 -1,056 -0,604 -0,310 -0.133 -0.031 0,012 0.057 0.102 

0.402 | -0.026 | -0.206 | -0.310 I -0.664 | -0.392 1-0.174 | -0.024 0.059 0.095 0.126 ~ 0.1 54 
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0.601 8.990 - 0.272 - 0.087 - 1.151 - 0.635 - 0.326 - 0.136 - 0.031 0.015 0.058 

0.402 - 0.026 - 0.234 - 0.084 - 0.705 - 0.420 - 0.191 - 0.030 0.063 0.097 0.130 
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Table 19. Concluded 
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(b) Static pressure coefficients on nozzle sidewall 
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(c) Static pressure coefficients on nozzle bottom flap 
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Static pressure coefficients on nozzle top flap at centerline 
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F igure 1. General arrangement of model and support system showing three fuselage cross sections with different 
corner radii. All linear dimensions are given in inches. 






original page 

black and white PHOTOGRAPH 



(a) Nozzle 7 without, solid plume simulator. 



(b) Nozzle 7 with solid plume simulator. 

Figure 2. Model installed in the Langley 16-Foot. Transonic Tunnel. 
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(c) Nozzle 2 with solid plume simulator. 
Figure 2. Concluded. 
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Figure 3. Geometry of nozzle with solid plume simulator. Linear dimensions arc given in inches 



Nozzles 1 , 5, 9 

Pt,top/bot = 17 -9° 
Pt, side = 

AR = 14.49 


Nozzles 2, 6, 10 

Pt,top/bot = 17 -3° 
Pt, side = 9- 7 ° 

AR = 9.23 


Nozzles 3, 7, 1 1 
Pt,top/bot = 1 6-4° 

Pt, side = 16.4° 

AR = 5.76 


Top view 


Side view 






Figure 4. Closure distributions of nozzles. 


Nozzles 4, 8, 12 

Pt,top/bot = 15.0° 
Pt, Side = 22.4° 

AR = 3.28 
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(a) Nozz 

Figure 6. Grid used for determ 


192 




e-3 




(b) Nozzle sidewall. 
Figure 6. Concluded. 
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x/l 

(a) Nozzle 2 with 0t,top/bot = 17.3°//3 j = 9.7° and sharp corner at = 0.6. C p crit = - 

Figure 7. Static pressure coefficient distributions on nozzles at ot — 0°. 
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*/l 

(c) Nozzle 2 with /?t it op/bot = 17 - 3 °/A,side = 9 - 7 ° and sharp corner at A/ 


Figure 7. Continued. 











Figure 7. Continued. 
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(k) Nozzle 6 with /? Mop/bot = 17.3°M, si(le = 9-7° and 1-in. corner radius at M 


Figure 7. Continued. 
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6 .8 1.0 0 


.2 


(1) Nozzle 6 with A,top/bot - 17.37A.side = 9-7° and 1-in. corner radius at M, 

Figure 7. Continued. 











(n) Nozzle 7 with /3 f , top/bot - 16.4°/ft, 8 ide = 16.4° and 1-in. corner radius at M 

Figure 7. Continued. 















(p) Nozzle 8 with 3 ttop/hot = 15.0 °/3tM<ie = 22 - 4 ° and l- in - corner radius at M c 


Figure 7. Continued. 















(r) Nozzle 9 with 4 t0 p/bot = 17-9°M,side = 0° and 2-in. corner radius at M 

Figure 7. Continued. 
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(u) Nozzle 10 with % op/bot = 17.3°M, side = 9.7° and 2-in. corner radius at M 


Figure 7. Continued. 



























(y) Nozzle 11 with ^top/bot — 16.4°//?^^^ — 16.4° and 2-in. corner radius at M r 


Figure 7. Continued 















220 


















D'plume on 



(a) Nozzle 2 with /3 t , top /bot = 17.3°/A,side = 9.7° and sharp-corner radius. 
Figure 8. Various component drag coefficients as a function of Mach number at a 


















(a) Afterbody drag with plume on. 

Figure 9. Effect of corner radius on nozzles with 0 t>top/bot = 17.9°//?^ = 0° at a = O' 
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O Centerline top 
□ y/Y = 0.50 top 
O y/Y = 0.75 top 
y/Y = 0.875 top 
Top/Side corner 
Q z/Z = 0.50 side 
Q Centerline side 

Nozzle 5: 1 -in. corner radius 


O Centerline top 

□ y/Y = 0 25 top 

O y/Y = 0.50 top 

A y/Y = 0.75 top 

ti. Top/Side corner 
Di z/Z = 0.50 side 

o Centerline side 

Nozzle 9: 2-in. corner radius 




O Centerline top 
□ y/Y = 0.50 top 
O y/Y = 0.75 top 
A y/Y = 0.875 top 
^ Top/Side corner 
b z/Z = 0.50 side 
Q Centerline side 



0 .2 .4 .6 .8 1.0 

x// 


O Centerline top 
□ y/Y = 0.25 top 
O y/Y = 0.50 top 
A y/Y = 0.75 top 
L Top/Side comer 
Ci z/Z = 0.50 side 
o Centerline side 


Nozzle 9: 2-in. corner radius 



x// 


(c) Pressure distributions at M ^ = 0.9. 
Figure 9. Continued. 
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y/Y = 0.75 top 
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z/Z = 0.75 side 

fck 

Top/Side comer 


z/Z = 0.50 side 

Q> 

z/Z = 0.50 side 

Q 

Centerline side 

Q 

Centerline side 

Nozzle 2: Sharp comer 

Nozzle 10: 2-in. comer radius 



(b) Pressure distributions at M 
Figure 10. Continued. 
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□ y/Y = 0.50 top 
O y/Y = 0.75 top 
A y/Y = 0.875 top 
k z/Z = 0.75 side 
Ci z/Z = 0.50 side 
o Centerline side 


O Centerline top 
□ y/Y = 0.25 top 
O y/Y = 0.50 top 
A y/Y = 0.75 top 
k. Top/Side comer 
& z/Z = 0.50 side 
Q Centerline side 


Nozzle 2: Sharp corner 


Nozzle 10: 2-in. corner radius 




O Centerline top 
□ y/Y = 0.50 top 
O y/Y = 0.75 top 
A y/Y = 0.875 top 
tw z/Z = 0.75 side 
Ci z/Z = 0.50 side 
D Centerline side 


O Centerline top 
□ y/Y = 0.25 top 
O y/Y = 0.50 top 
A y/Y = 0.75 top 
b. Top/Side corner 
IA z/Z = 0.50 side 
o Centerline side 


Nozzle 2: Sharp corner 


Nozzle 10: 2-in. corner radius 






(a) Afterbody drag with plume on. 

Figure 11. Effect of corner radius on nozzles with f3 t ,iop/bot = Pt r side = 16.4° at a 






(b) Pressure distributions at M c 
Figure 11. Continued. 





(c) Pressure distributions at M c 






O Centerline top 

□ y/Y = 0.50 top 

o y/Y = 0.75 top 

A y/Y = 0.875 top 

l\ Top/Side corner 
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□ y/Y = 0.25 top 
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A y/Y = 0.75 top 

b. Top/Side corner 
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o Centerline side 
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(d) Pressure distributions at Moc — 1-2- 
Figure 11. Concluded. 
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y/Y = 0.50 top 
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y/Y = 0.875 top 
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y/Y = 0.75 top 
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Top/Side corner 

k 

Top/Side corner 

ft 

ziZ = 0.50 side 


z/Z = 0.50 side 

o 

Centerline side 

Ci 

Centerline side 

Nozzle 8: 1 -in. corner radius 

Nozzle 12: 2-in. corner radius 


(b) Pressure distributions at M 
Figure 12. Continued. 
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□ y/Y = 0.50 top 
O y/Y - 0.75 top 
A y/Y = 0.875 top 
^ Top/Side corner 
ft z/Z = 0.50 side 
o Centerline side 


Nozzle 8: 1 -in. corner radius 
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□ y/Y = 0.25 top 
O y/Y = 0.50 top 
A y/Y = 0.75 top 
Top/Side corner 
ft z/Z = 0.50 side 
o Centerline side 

Nozzle 12: 2-in. corner radius 
• 4 r ] 1 1 ~T- 


.2 



-1 .0 


-1 .2 


-1 .4 


.2 


.4 .6 

x// 


.8 1.0 


(c) Pressure distributions at Moo — 0.9. 
Figure 12. Concluded. 
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plume on. 








Corner 
Nozzle radius 



(d) Nozzles with /^top/bot “ 15 0 ° and Pt,side 
Figure 13. Concluded. 











0 .2 .4 .6 .8 1.0 0 .2 

x/i 

(c) Pressure distributions at M c 
Figure 14. Concluded. 






















(d) Pressure distributions at M c 
Figure 15. Concluded. 








4 .5 .6 .7 .8 .9 1.0 1.1 1-2 1.3 

M® 

(a) Afterbody drag with plume on. 

Figure 16. Effect of closure distribution on nozzles with 2-in. corner radius at a = 




(b) Pressure distributions at M 
Figure 16 . Continued. 
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(a) Nozzles with 1-in. corner radius. 

Figure 17. Effect of closure distribution on afterbody drag. Open symbols denote plume off; solid symbols 
denote plume on. 
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